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ABSTRACT

Histone post-translational modifications occur, not
only in the N-terminal tail domains, but also in the
core domains. While modifications in the N-terminal
tail function largely through the regulation of the
binding of non-histone proteins to chromatin,
based on their location in the nucleosome, core
domain modifications may also function through
distinct mechanisms involving structural alterations
to the nucleosome. This article reviews the recent
developments in regards to these novel histone
modifications and discusses their important role in
the regulation of chromatin structure.

INTRODUCTION

The study of histone modifications began over 40 years ago
when Murray reported the identification of lysine methylation
in calf thymus histones (1). Shortly thereafter, lysine acetyla-
tion and serine phosphorylation were also discovered in
histones from such widely ranging sources as human lympho-
cytes, rat liver, peas and calf thymus (2-6). Later, in 1975,
ubiquitylation and ADP-ribosyation were added to the list
of modifications that can be affixed to histones (7,8). As
recently as 2003, novel histone modifications were still
being discovered, specifically, the addition of the small
ubiquitin-related modifier, SUMO, onto histone lysine resi-
dues (9).

For nearly four decades the study of histone modifications
focused exclusively on those that occurred on the tail
domains of the core histones. While the core histones do
not share any primary sequence similarity, they have a com-
mon domain structure. The central portion of each histone
consists of a globular core domain that folds into the charac-
teristic histone fold. These histone fold-containing regions
associate with each other to constitute the bulk of the histone

octamer around which DNA wraps. Flanking the core
domains are the relatively unstructured tail domains. The
histone tails extend out from the face of the nucleosome
and through the DNA gyres into the area surrounding the
nucleosome (10).

The N-terminal tail domains of the core histones contain an
extraordinary number of sites that can be subjected to post-
translational modification (11-13). Some tail modifications,
such as acetylation and phosphorylation, can alter the charge
of the tails and, therefore, have the potential to influence
chromatin through electrostatic mechanisms. However, the
primary mechanism by which tail modifications act appears
to be through altering the ability of non-histone proteins to
interact with chromatin (14-17).

The study of modifications in the N-terminal tail domains
dominated research in this field for a number of reasons. The
foremost being that the primary method for discovering
histone modifications, Edman degradation, favored the anal-
ysis of the first 20-30 amino acids. The monopoly of the
tail domains ended in 2002 with the application of mass spec-
trometry to the study of histone modifications. Mass spec-
trometry is a technique which takes advantage of the
physical properties of ions to determine mass to charge ratios
(m/z). This is particularly useful when the primary amino acid
sequence is known because differences between predicted
and observed masses, termed ‘mass shifts’, can be used to
identify post-translational modifications. The application of
mass spectrometry to the study of histone modifications
allowed for the discovery of the first novel site of histone
modification located outside of the tail, methylation of
histone H3 lysine 79 (18,19). With this innovative application
of mass spectrometry, a new door was opened for the study of
histone modifications.

In the short time since the discovery of H3 lysine
79 methylation, over 30 histone modifications have been
identified and/or quantified by mass spectrometry with the
majority of these newly identified modifications localized to
the core domains (20-22). Mapping of the precise locations
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of these core modifications onto the nucleosome crystal
structure reveals that these modifications fall into clusters
that can be organized into three distinct classes: (i) the solute
accessible face, (ii) the histone lateral surface and (iii) the
histone-histone interfaces (23,24). It is likely that modifica-
tions in these classes will have unique effects on chromatin
structure and act through mechanisms that are distinct from
those observed with tail domain modifications. The locations
and the evolutionary conservation of these modifications pre-
dict that they may be of great physiological relevance. The
limited data available concerning these modifications supp-
ort this idea and suggest that histone core domain modifica-
tions may turn out to play as significant a role as
modifications within the histone tails.

Similar to the situation observed with histone tail modifica-
tions, modifications located on the solute accessible face of
the nucleosome have the ability to alter higher-order chro-
matin structure and chromatin—protein interactions. Histone
lateral surface modifications are uniquely capable of affecting
histone—-DNA interaction and modifications on the histone—
histone interface have the exclusive ability to disrupt
intra-nucleosomal interactions thereby altering nucleosome
stability. Mutations that alter sites of histone tail modifica-
tions have been shown to affect processes such as transcrip-
tion, heterochromatic silencing and DNA damage repair;
however, the effects in many cases were minor (25-31). Sin-
gle amino acid substitutions of modifiable residues within the
histone core have been shown to dramatically affect tran-
scription, DNA damage repair, chromatin structure, chro-
matin assembly and heterochromatic gene silencing
(18,19,32-36). In many instances, the locations of these resi-
dues help to explain why these phenotypes are observed. In
this review, we will examine the literature available to date
concerning histone core domain modifications and discuss
how the locations of these modifications can, in many inci-
dences, predict their function. In discussing modifications
we will refer to the residue numbers in bovine histones, as
the largest number have been identified in this organism.
However, in discussing results of genetic analyses in yeast,
we will refer to the residue numbers in yeast.

MODIFICATIONS OF THE NUCLEOSOMAL FACE

The solvent accessible face of the nucleosome provides a
large surface on which interactions can occur that impact
the regulation of chromatin structure. For example, specific
regions of the nucleosome surface are critical for the assem-
bly of silent chromatin structure in yeast and contacts
between surface residues of histones H2A and H2B may
mediate the inter-nucleosome interactions involved in the
formation of higher order chromatin structures (29,37).
Therefore, modifications to this surface may function
through a number of mechanisms to regulate chromatin struc-
ture. First, they may be functioning in much the same way as
N-terminal tail modifications by controlling the ability of
non-histone proteins to bind to the nucleosome (Figure 1A).
Additionally, modifications to the nucleosome face may
have more direct structural effects by influencing
nucleosome—nucleosome interactions that are thought to
occur during the formation of 30 nM filaments (Figure 1B).
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Figure 1. Modifications of the nucleosome face. Histone post-translational
modifications located on the nucleosome face may influence chromatin struc-
ture through multiple mechanisms. (A) These modifications might regulate
chromatin—protein interactions in either a positive (top) or negative (bottom)
fashion. (B) Alternatively, these modifications could affect higher order chro-
matin structure by altering interactions between neighboring nucleosomes. (C)
Surface modifications are modeled on the crystal structure of the nucleosome
(pdb file 1AOI) (10). The histone proteins are shown in a ribbon diagram with
histone H2A shown in red, H2B in orange, H3 in blue and H4 in green. The
DNA helix is shown in gray. Modified residues are depicted as spheres and
colored yellow. Image was generated using the program Pymol.

Histone H3 lysine 79 methylation is the most well-
characterized modification of the nucleosome face. This modi-
fication has been observed in a number of organisms includ-
ing yeast, calf thymus, human and chicken (18,19,38—-40).
This evolutionary conservation in such a wide variety of
eukaryotes is a strong indication that it plays a fundamental
role in the regulation of chromatin structure.

Histone H3 lysine 79 is located within the globular core
domain in the loop 1 region of the H3 histone fold
(Figure 1C). This area does not contact DNA and is located
on the solvent-accessible nucleosome surface. Within a single



nucleosome, the two copies of histone H3 are oriented such
that the two H3 lysine 79 residues lie on opposite sides of
the ‘disk’. This location is within a region that was genetic-
ally identified as being important for silent chromatin
structure (41).

In budding yeast, silent chromatin is found in several local-
ized regions of the genome. These regions are found at the
telomeres, the silent mating loci (HML and HMR) and the
rDNA repeats. For both telomeres and the silent mating
loci, the Sir2p, Sir3p and Sirdp proteins are structural compo-
nents of silent chromatin structure (42). These proteins are
directed to the proper position through associations with
other factors that bind to either telomeric repeats or silencer
sequences at HML and HMR. The SIR proteins then spread
throughout the region of chromatin to be silenced through
interactions with the core histones (43-45). These SIR/
histone interactions are sensitive to histone post-translational
modification status and require the histone deacetylase activ-
ity of Sir2p (46-49). The rDNA repeat locus is packaged in a
fundamentally distinct type of silent chromatin structure that
also requires Sir2p but is independent of Sir3p and Sirdp
(50-52).

Yeast is an excellent model system for the study of silent
chromatin as sensitive in vivo assays have been developed for
monitoring the formation and maintenance of silent chro-
matin structure. These systems are based on the ability to
place reporter genes in regions of silent chromatin. The
most frequently used reporter gene is URA3 for which both
positive and negative growth selections exist (53).

Although histone H3 lysine 79 itself is not methylated in
silent chromatin, these in vivo assays revealed lysine 79 is
required for the proper formation of silent chromatin at
telomeres and the silent mating loci (38). Lysine 79 also
appears to be required for rDNA silencing because its muta-
tion to alanine or arginine disrupted rDNA silencing (18,41).
The fact that deletion of DOT/, the gene encoding the histone
methyltransferase responsible for this modification, did not
disrupt rDNA silencing argues that the non-methylated state
of lysine 79 is needed for normal rDNA silencing (54).

The role of H3 lysine 79 methylation in heterochromatic
gene silencing is likely to involve the regulation of the asso-
ciation of non-histone proteins with chromatin. However, this
modification does not function by directly promoting the
association of structural components of silent chromatin
structure with nucleosomes as is seen with the methylation
of H3 lysine 9 and the binding of HP1 in higher eukaryotes.
Rather, H3 lysine 79 methylation appears to act by preventing
the binding of SIR proteins to regions of euchromatin and
thereby ensuring that these factors are available for the
assembly of silent chromatin at the proper locations (55).
This model was first suggested by the observation that
~90% of the histone H3 molecules in yeast are methylated
on lysine 79. This percentage corresponds very well with
the fraction of the yeast genome that is present as euchro-
matin (18). Indeed, H3 lysine 79 methylation is found
throughout the euchromatic regions of the yeast genome (as
well as euchromatic regions in higher eukaryotes) but is sig-
nificantly under-represented in silent chromatin (38). Also
consistent with this idea, H3 K79A point mutants displayed
a dramatic decrease in binding of Sir2p and Sir3p to yeast
telomeres and silent mating loci with a concomitant increase
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in SIR protein occupancy at adjacent euchromatic sites. Simi-
lar ChIP analysis revealed a more modest decrease in Sir2p
and Sir3p binding to telomere and HMRa regions in a dotl
deletion strain (18,19).

The mechanism underlying the influence of H3 lysine 79
methylation on SIR protein binding to chromatin is not
known. This modification may directly block a surface on
the nucleosome face that is necessary for one or more of
the SIR proteins to bind. Alternatively, H3 lysine 79 methy-
lation may interfere with internucleosomal interactions that
are necessary for forming a higher-order structure that is a
prerequisite for stable SIR protein association. Resolution
of this issue is likely to require a detailed biochemical anal-
ysis of SIR protein—nucleosome interactions.

Dotlp is unique among histone lysine methyltransferases
in that it is the only enzyme in this class that lacks a SET
[Su(var), Enhancer of zeste, Trithorax] domain (56). SET is
a highly conserved domain shown to be essential to the activ-
ity of all other histone lysine methyltransferases identified
(57,58). Crystal structures have been determined for frag-
ments of the human and yeast Dotlp enzymes revealing
that they share some structural properties of the SET domain
proteins and also have features similar to those found in pro-
tein arginine methyltransferases (59,60). Modeling studies
suggest that Dotlp makes extensive contacts with the face
of the nucleosome, including the surface genetically identi-
fied as being critical for yeast silent chromatin structure
(41). In addition, positively charged patches away from the
active site may mediate interactions between Dotlp and
nucleosomal DNA (59,60).

Although lysine 79 methylation levels do not change in
response to locus-specific gene activation or repression,
hDOTIL, has been implicated in the misregulation of
mixed lineage leukemia (MLL) target genes in cases of leu-
kemia. hDOTI1L was found to interact with AF10, a putative
transcription factor and frequent MLL fusion partner respon-
sible for upregulation of Hox genes in cases of acute myeloid
leukemia (AML) (61). Furthermore, an artificially con-
structed hDOT1L-MLL fusion protein was capable of induc-
ing leukemogenesis in murine progenitor bone marrow cells.
This leukemic transformation was dependent on the histone
methyltransferase activity of hDOTI1L. Interestingly, trans-
formation with either MLL-AF10 or MLL-hDOTIL resulted
in upregulation of Hox genes and hypermethylation of H3
lysine 79 (61). Based on their experimental results, Okada
et al. (61) have proposed that AF10 may function as a bridge
that links hDOT1L to MLL-AF10 target genes. If this proves
to be the case, hDOTIL may serve as a new therapeutic
target.

While histone H3 lysine 79 methylation was first character-
ized with respect to its influence on gene expression, this
modification also has important functions in the cell that
appear to be largely independent of its effects on transcrip-
tion. This modification plays a key role in checkpoint signal-
ing pathways as deletion of DOT! in budding yeast results in
defects in both the pachytene and DNA damage checkpoints
(G4/S and intra-S) (62-64).

The involvement of H3 lysine 79 methylation in the DNA
damage checkpoint appears to be mediated through effects on
the binding of checkpoint proteins to chromatin. The human
protein 53BP1, whose homologs in budding and fission yeast
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are Rad9p and Crb2, respectively, contains a conserved tan-
dem tudor domain. This protein domain was originally iden-
tified in the SMN protein as a methylated arginine-binding
module (65-68). Huyen et al. (69) followed up on this obser-
vation by demonstrating that 53BP1 only binds to histones
that are post-translationally modified. Subsequent analyses
identified histone H3 lysine 79 methylation as the specific
post-translational modification recognized by 53BPI1. Curi-
ously, unlike many histone modifications involved in the
DNA repair process, H3 lysine 79 methylation is not induced
by the presence of DNA damage suggesting that some aspect
of chromatin structure is altered by the presence of DNA
damage such that this modification can be accessed by
53BP1 (69).

A second site of methylation on the solute accessible
nucleosome face, histone H4 lysine 59, was first observed
by mass spectroscopic analysis of bovine histones
(Figure 1C). As expected from the relative proximity of
this modification to H3 lysine 79, mutations that alter this res-
idue in yeast have significant effects on silent chromatin
structure (22). Although H4 K59 mutations are phenotypi-
cally similar to H3 K79 alleles it is not known whether H4
lysine 59 methylation acts through similar mechanisms.

Three additional sites of modification on the nucleosome
face were identified via mass spectrometry. Intriguingly,
these modifications, which include acetylation of histone
H2B lysines 108 and 116 and methylation of H2B arginine
99, form a tight cluster on the surface of the nucleosome sug-
gesting the possibility that they may function in a coordinated
fashion (Figure 1C) (22). However, these modifications have
not been examined in any detail and, therefore, their in vivo
significance is not yet known.

NUCLEOSOME LATERAL SURFACE
MODIFICATIONS

A nucleosome consists of 147 bp of DNA wrapped around
the histone octamer making direct contact at 14 distinct loca-
tions on the superhelix (10). Using mass spectrometry, Zhang
et al. (22) recently identified >20 novel modifications within
the histone core. A striking number of these modifications
were mapped to the nucleosome lateral surface following
the path of the DNA as it wraps around the histone octamer
(23,24). Several of these newly identified core modifications
were mapped to residues that directly bind the DNA, while
others were positioned in close proximity to the DNA.
Although the latter group does not make direct contact with
DNA, these residues have the potential to indirectly influence
the histone-DNA interface.

The position of modifications on the lateral surface of the
nucleosome immediately suggested that their primary func-
tion would be through the regulation of histone—-DNA interac-
tions (Figure 2A) (23). Cosgrove et al. (24) proposed a
detailed model, termed regulated nucleosome mobility, to
describe how these modifications could be involved in alter-
ing the fluidity of chromatin structure. In this model, a chro-
matin remodeling activity (either an ATP-dependent
chromatin remodeller or nucleosome assembly/disassembly
activity) acts on a nucleosome to alter histone—-DNA contacts
such that sites of modification on the lateral surface are
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Figure 2. Nucleosome lateral surface modifications. (A) Modifications to the
lateral surface of the nucleosome are likely to influence chromatin structure
through the modulation of histone-DNA interactions. (B) Modifications
located at the nucleosome dyad axis are modeled on the nucleosome crystal
structure. (C) Modifications near the DNA entry—exit points are highlighted on
the nucleosome crystal structure. (D) Additional modifications near site of
histone-DNA contact are shown on the nucleosome crystal structure. Crystal
structure was rendered as described in the legend to Figure 1.

exposed. The exposed sites can then be acted on by histone
modifying activities to either add or remove post-translational
modifications which, in turn, lead to nucleosomes with
altered mobility. This altered mobility can then lead to
changes in the accessibility of specific sequences of DNA
or changes in higher order chromatin structure.

While the regulated nucleosome mobility model provides a
mechanistic foundation for understanding the cooperativity
that exists between histone modifying enzymes and chro-
matin remodeling activities, the modification of residues on



the lateral surface may not be obligatorily linked to the action
of chromatin remodeling activities. The work of Widom and
co-workers have elegantly demonstrated that there is sponta-
neous unwrapping of the DNA helix from the surface of the
nucleosome (70-79). This unwrapping not only makes the
DNA accessible but also exposes residues on the lateral
face of the nucleosome to histone modifying activities.
Changes to the modification state of the nucleosome lateral
surface might then impact chromatin structure by altering
the equilibrium constants governing this unwrapping.

Structural studies indicate that the interactions between
DNA and histones are at their greatest in the region of the
nucleosome dyad (80). It is perhaps significant then that sev-
eral lateral surface modifications cluster in this region of the
nucleosome (Figure 2B) (20,22). Included in this group,
along with histone H3 lysine residues 115 and 122, are
histone H3 threonine 118 and histone H4 serine 47 which
are sites of SIN alleles in yeast (81,82). SIN alleles of the
histones were originally isolated as point mutations that
partially alleviated the requirement for the SWI/SNF
ATP-dependent chromatin remodeling complex for the tran-
scriptional activation of a subset of yeast genes (83). Nucleo-
somes reconstituted in vitro with histones harboring specific
SIN alleles (H4 R45C and R45H) displayed similar nucleo-
some positioning as seen with wild-type histones, but these
Sin mutant nucleosomes were completely incapable of form-
ing fully compacted chromatin fibers (84). Muthurajan et al.
analyzed crystal structures of several Sin mutant nucleosomes
and reported disruptions in local protein—-DNA interactions
(85). The effects observed on higher order chromatin
structure could well be a direct result of decreases in histone—
DNA interactions, but this possibility requires further
investigation. Consistent with a role for these residues in
modulating histone—-DNA contacts, nucleosomes reconsti-
tuted with histones containing mutations at the sites of SIN
alleles (including H3 threonine 118) show disruption to spe-
cific histone—DNA contacts and increased nucleosome mobil-
ity (85-87). While none of the H3 TI118 alleles tested
mimicked the presence of a phosphate group at this position,
it is likely that a negatively charged modification at a
histone—-DNA contact point would have a significant impact
on nucleosome stability. Consistent with this idea, substitut-
ing H3 T118 or H4 serine 47 with a glutamic acid residue
generates lethal and slow growth phenotypes, respectively,
in yeast (35). While it is not known whether mutations that
alter histone H3 lysines residues 115 and 122 generate SIN
alleles, they do result in a number of interesting phenotypes.
Mutations that alter H3 lysine 122 to either alanine of
glutamine are among the few histone point mutants that
have a general slow growth phenotype. In addition, the H3
K122Q allele is defective for silent chromatin structure at
the rDNA repeats while the H3 K122R allele shows increased
rDNA silencing (35). These results suggest that rDNA chro-
matin structure is sensitive to the acetylation state of H3
lysine 122. Histone H3 K115 mutations also affect silent
chromatin structure with the genetic analyses indicating that
this residue needs to be in the deacetylated state for proper
transcriptional silencing. In addition, alteration of H3 K115
led to hydroxyurea (HU) sensitivity (35).

Spontaneous unwrapping of the DNA from a nucleo-
some appears to initiate at the DNA entry—exit point on the
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nucleosome dyad (78). The most well-characterized lateral
surface modification, acetylation of histone H3 lysine 56, is
positioned at this location on the nucleosome (Figure 2C).
H3 lysine 56 acetylation is conserved in yeast and flies, but
it has not been shown definitively to occur in mammals
(22,32-35). Evidence for the methylation of arginine 52, argi-
nine 53 or lysine 56 has been reported. Although the exact
site of the detected methylation was not identified, it raises
the possibility that lysine 56 might be methylated in mam-
mals (22). This does not, however, rule out the possibility
that a fraction of mammalian H3 molecules, that have thus
far eluded detection, are acetylated at lysine 56. In yeast,
H3 lysine 56 acetylation is abundant with roughly a quarter
of the histone H3 molecules isolated from asynchronous cul-
tures bearing this modification (32,34). This is likely an
underestimate of its prevalence as H3 lysine 56 acetylation
appears to be highly cell cycle regulated although there is
some conflicting data in the literature (32,33,88). H3 lysine
56 acetylation is prominent during S phase, but then is rapidly
lost during G, (32-34).

Consistent with the S-phase appearance of H3 lysine
56 acetylation, several lines of evidence indicate that this
modification is incorporated into chromatin during histone
deposition. First, Masumoto er al. (32,88) used inducible
forms of H3 to demonstrate that H3 lysine 56 acetylation
occurs largely on newly synthesized histones. In addition,
histone H3 molecules that co-purify with the chromatin
assembly factor CAF-1 are acetylated on lysine 56. Also,
changing H3 lysine 56 to glutamine (H3 K56Q), which mim-
ics the acetylated state, resulted in chromatin with an
increased sensitivity to MNase digestion and led to a decrease
in endogenous plasmid supercoiling (32). These are two com-
mon assays used to detect abnormalities in chromatin forma-
tion. The H3 K56Q allele was also defective in telomeric and
rDNA silencing (35). Areas of heterochromatic gene silenc-
ing are thought to be more sensitive to defects in chromatin
formation. The KS56R point mutant, which mimics the
unacetylated state, displayed normal MNase resistance, plas-
mid supercoiling, and telomeric/rDNA silencing (32,35).
Taken together these data are consistent with the proposed
role for H3 lysine 56 acetylation in chromatin assembly,
with the default status for condensed chromatin being
unacetylated at this residue.

A role for lysine 56 acetylation in modulating histone—
DNA interacts at the DNA entry—exit point is likely to under-
lie the observation that lysine 56 acetylation is important for
transcription of a subset of SNF5-regulated genes including
the core histone genes and SUC2 (34). ChIP analysis showed
that chromatin in the vicinity of the HTAI and HTA2 genes
(encoding histone H2A) is hyperacetylated on H3 lysine 56.
This hyperacetylation takes place in a cell cycle regulated
fashion, peaking just prior to S phase when the histone
genes are transcribed. The acetylation of H3 lysine 56 at
the HTAI and HTA?2 loci is functionally relevant as the loss
of this modification compromises the ability of SnfSp to
bind to and activate these genes. However, contrary to the
prediction of the regulated nucleosome mobility model, the
converse is not true as the acetylation of H3 lysine 56 is inde-
pendent of SNF5. Therefore, at these loci, H3 lysine 56 acety-
lation occurs prior to the action of the SWI/SNF chromatin
remodeling activity.
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A critical step in furthering our understanding of H3 lysine
56 acetylation is the identification of the histone acetyltrans-
ferase responsible for this modification. Ozdemir et al. (33)
used an antibody specific for H3 lysine 56 acetylation to
test deletion strains for 16 known yeast protein acetyltrans-
ferases and found that H3 lysine 56 acetylation levels were
unaffected by the loss of any single enzyme. Using a different
approach, Xu et al. (34) performed ChIP from strains deleted
for a number of known histone acetyltransferases and found
that loss of the protein known as Spt10p abolished the cell
cycle regulated acetylation of H3 lysine 56 at the histone
genes. In addition, an spt/0A resulted in changes in histone
gene expression similar to those of H3 K56 mutants. Spt10
is a site-specific DNA-binding protein that binds to histone
gene promoters in vivo (89). However, there is currently no
evidence that Spt10 can directly acetylate histone H3 lysine
56 at histone gene promoters or other loci.

H3 lysine 56 has also been shown to play a role in DNA
damage repair (32,33,35). The K56R point mutant is sensitive
to a variety of DNA damaging agents including camptothecin
(CPT), methyl methanesulfonate (MMS) and Bleomycin.
However, these cells are not sensitive to UV-induced dam-
age. H3 lysine 56 acetylation has been shown to persist
much longer into G, following exposure to camptothecin
(CPT) in a Rad9p-dependent manner (32). This suggests
that one function of the DNA damage checkpoint is to main-
tain H3 lysine 56 acetylation near sites of DNA damage until
repair is complete. Interestingly, the H3 K56Q mutant was
also sensitive to MMS, Bleomycin and CPT indicating that
the ability to modulate between the acetylated and unacety-
lated states may be important for DNA damage repair.

In addition to lysine 56, mass spectrometric analysis also
identified histone H3 arginine 52 and arginine 53 as possible
sites of mono-methylation located near the DNA entry—exit
point (Figure 2C) (22). Hyland et al. (35) analyzed point
mutants of these residues for effects on cell viability, hete-
rochromatic gene silencing and DNA damage repair. Intrigu-
ingly, changing H3 arginine 52 to either alanine, lysine or
glutamine resulted in lethality suggesting that this residue
plays a critical role in chromatin structure. When expressed
in combination with wild-type histone alleles, RS2 mutants
caused defects in telomeric and, to a lesser degree, IDNA
silencing and sensitivity to HU. While mutations that altered
R53 were tolerated, R53Q and R53K alleles displayed mild
defects in telomeric and rDNA silencing, respectively.

A number of other residues near points of histone—-DNA
contact are found around the circumference of the nucleo-
some (Figure 2D). These include residues modified in bovine
histones, such as histone H2A lysine residues 36, 74, 75 and
77, histone H2B lysines 43, 85, 120 and 125 and histone H4
lysines 77 and 79 (22). Analysis of point mutants revealed
that H4 lysine 79 affected both telomeric and rDNA silenc-
ing. The phenotypes of H4 K79 point mutants suggest that
the unacetylated state is important for the compact chromatin
structure within these regions. The impact of H4 lysine 77
modification was less clear as mutations that mimic the
constutively acetylated state at this residue did not disrupt
silent chromatin structure at either telomeres or the rDNA
repeats (35).

With the exception of histone H4 lysine 77, in vivo
analyses of modification sites on the lateral surface of the

nucleosome are consistent with the regulated nucleosome
mobility model and its suggestion that the precise nature of
histone-DNA contacts on this surface are critical determi-
nants of higher order chromatin structure dynamics. How-
ever, the mechanistic link between lateral surface
modifications and chromatin remodeling factors remains to
be clarified. There is clearly much that needs to be learned
about the mechanisms employed by eukaryotic cells to con-
trol the modification status of this vital surface of the nucleo-
some.

MODIFICATIONS WITHIN HISTONE-HISTONE
INTERFACES

At a very basic level, chromatin structure is dependent upon
specific histone—histone interactions that lead to the forma-
tion of the histone octamer. These histone-histone interac-
tions include those that mediate the formation of the H3/H4
and H2A/H2B histone fold pairs, those that allow the forma-
tion of the H3/H4 tetramer and the H2A/H2B dimer and those
between tetramers and dimers that result in completion of the
histone octamer. Given the critical nature of these interac-
tions, the use of post-translational modifications for the
modulation of intranucleosomal histone-histone contacts
may be an important mechanism for regulating chromatin
structure. In this model, the modification of residues at points
of histone-histone contact would influence chromatin struc-
ture by directly impacting the structure of the histone octamer
(Figure 3A).

There are a number of modifiable residues that are
within regions of the histone proteins that are involved in
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Figure 3. Modifications to regions of histone—histone interface. (A) Modifica-
tions located at points of contact between histone proteins may control chro-
matin structure through physical alterations in the nucleosome such as
destabilization of tetramer—dimers interactions. (B) Locations of modifications
in regions of histone-histone interface are depicted on the crystal structure of
the nucleosome. Nucleosome was rendered as described in the legend to
Figure 1.



intranucleosomal interactions (20,22). Several of these modi-
fications may not be involved in modulating these interac-
tions. For example, histone H3 lysine residues 115 and 122
and threonine 118 are within the 4 helix bundle that holds
together the H3/H4 tetramer. However, these residues are ori-
ented toward the DNA and away from the histone—histone
interface (Figure 2C). Therefore, as described above, these
modifications are much more likely to regulate histone—
DNA contacts than histone-histone interactions.

The best example of a post-translational modification that
functions through structural effects on the histone octamer
is the acetylation of histone H4 lysine 91. H4 lysine 91 acety-
lation was first identified by mass spectrometry on bovine
histones (22,90). Lysine 91 is in the region of histone H4
that interacts with histone H2B and helps to stabilize the
tetramer—dimer interaction necessary for the formation of
the histone octamer (Figure 3B) (10,91). In fact, histone H4
lysine 91 is closely juxtaposed with a glutamic acid residue
in histone H2B with which it likely forms a salt bridge
(24). Therefore, histone H4 lysine 91 is well positioned to
be a point at which octamer structure could be regulated
through post-translational modification.

Subsequently, acetylation of histone H4 lysine 91 was
identified in the population of molecules that co-purified
with the nuclear Hatlp/Hat2p/Hiflp complex isolated from
yeast (36). This complex is composed of the type B histone
acetyltransferase subunits Hatlp and Hat2p (which are
thought to be responsible for the acetylation of newly synthe-
sized histone H4 molecules) in association with a histone H3/
H4 specific chaperone that possesses in vitro chromatin
assembly activity (Hiflp) (92,93). This observation was
important for a number of reasons. First, identification of
H4 lysine 91 acetylation in yeast indicated that this is a highly
conserved modification. Second, the association of histone
H4 acetylated on lysine 91 with proteins involved in histone
deposition suggested that this modification occurs prior to
chromatin assembly. This led Ye et al. (36) to propose that
the dynamic nature of acetylation at this residue might modu-
late dimer—tetramer interactions during chromatin assembly.
Whereby acetylation of H4 lysine 91 would prevent salt-
bridge formation and weaken octamer stability, removal of
the acetyl group from this site following histone deposition
would allow salt bridge formation and stabilization of the
histone octamer.

To investigate this possibility, an H4 K91A point mutant
was generated and studied for various phenotypic effects.
H4 K91A mutants were shown to be deficient in repair of
MMS, CPT and HU-induced double-strand DNA damage as
well as UV-induced single-strand DNA damage. By combin-
ing the H4 K91A allele with the deletion of proteins involved
in cell cycle checkpoint (Meclp and Mec3p), NHEJ
(Yku70p) or homologous recombination (Rad52p), they con-
cluded that K91A was not directly involved in the process of
repairing the DNA lesion. However, the H4 K91A allele did
not increase the DNA damage sensitivity of mutants lacking
the histone chaperones Asflp and Caclp consistent with a
role for H4 lysine 91 in DNA repair linked chromatin assem-
bly (36). In a separate study, Hyland et al. (35) reported that
H4 K91 mutants did not display sensitivity to MMS or CPT,
but were slightly sensitive to HU. It is not known whether
comparable concentrations of DNA damaging agents were
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tested in these studies. As DNA damage sensitivity pheno-
types can be highly concentration dependent, this may
explain the conflicting results. In addition, strain specific dif-
ferences in DNA damage sensitivity could also be a factor.

Areas of heterochromatin are often sensitive to defects in
chromatin assembly (94-102). For example, many mutants
that are deleted for one or more assembly factors display
defects in telomeric silencing. Consistent with this, H4
K91A mutants displayed a general up regulation of telomere-
proximal genes with the telomeric chromatin acquiring
euchromatic features such as loss of Sir2p, increased H3
lysine 79 methylation and histone H4 hyperacetylation (36).

Biochemical evidence also supports the model that histone
H4 lysine 91 acetylation functions by physically altering the
structure of the nucleosome by interfering with dimer—
tetramer interactions. For example, chromatin isolated from
H4 K91A cells was more rapidly digested by micrococcal
nuclease (MNase), which normally cuts DNA that is not
fully protected by the octamer. In addition, H2A/H2B dimers
were more easily displaced by salt from chromatin with a
mutation of histone H4 lysine 91 (36).

Taken together, the data suggest that histone H4 lysine 91
acetylation occurs on molecules prior to histone deposition.
The presence of the acetyl group on H4 lysine 91 (and the
concomitant charge neutralization) would interfere with the
stable association of H2A/H2B dimers with the H3/H4 tetra-
mer. At the appropriate time, deacetylation of H4 lysine 91
would permit completion of the histone octamer and allow
chromatin assembly to proceed. In addition to chromatin
assembly, histone H4 lysine 91 acetylation might also play
a role in gene expression by preserving the open chromatin
structure that can be generated by the release of H2A/H2B
dimers during transcription. Transcriptional repression
would then be accompanied by lysine 91 deacetylation and
reassembly of the histone octamer.

Histone H4 arginine 92 was identified by mass spec-
troscopy as a site of methylation in bovine histones (22).
Located adjacent to histone H4 lysine 91, arginine 92 is
also closely juxtaposed to a glutamic acid residue on histone
H2B (E73) but, intriguingly, on the other dimer (Figure 3B).
In yeast, H4 R92K and R92A point mutants were defective in
telomeric silencing and repair of HU-induced DNA damage
(35). This suggests that either the arginine residue itself or
the ability to modulate between the modified and unmodified
states is important for these processes. A more complete char-
acterization may reveal that, like lysine 91, arginine 92 plays
a role in nucleosome stability by mediating dimer—tetramer
interactions.

The final core domain modification that has the potential to
influence histone-histone interactions is histone H2A lysine
99 methylation. This modification was identified by mass
spectrometry in bovine histones (22). While the residue at
this position is an arginine (also a potential methylation
site) in some organisms, it is not conserved in budding
yeast. Hence, there are no in vivo clues as to the function
of this modification. This modification occurs at an intriguing
site at the center of the histone octamer with the two lysine 99
residues oriented toward each other (Figure 3B). Hence, they
are unlikely to be accessible from the surface of the nucleo-
some and are clearly not in a position to influence histone—
DNA interactions. Therefore, one possible mechanism by
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which this modification might act is through altering histone—
histone packing at the center of the octamer.

SUMMARY AND OUTLOOK

The application of mass spectrometry to the study of histone
post-translational modifications has allowed for the discovery
of a new class of histone modifications located outside of the
unstructured N-terminal tails. These core domain modifica-
tions are conserved across a wide range of organisms. Two
residues among these newly identified sites of modification,
H3 arginine 52 and T118, are required for viability in yeast
and other sites of histone core modification have been
shown to have dramatic affects on DNA-dependent processes
such as transcription, chromatin assembly, and DNA damage
repair.

For the purpose of this review, we divided these core modi-
fications into three classes based their locations on the
nucleosome. The experimental data available to date sur-
rounding these modifications supports the idea that the loca-
tion of a modification can be used to predict functional roles.
Modifications on the solute accessible face appear to exert
their affects on transcription, heterochromatic gene silencing,
and DNA repair by modulating histone—protein interactions
and higher order chromatin structure.

Modifications located on the histone lateral surface affect
transcription, chromatin assembly, and DNA damage repair
by mediating histone-DNA interactions. Among the lateral
surface modifications, there are several residues positioned
at the DNA entry—exit point that have been proposed to
play a role in DNA breathing. It is clear that the residues
directly involved in DNA binding are important for histone—
DNA interactions. The role of modifiable residues that do not
directly contact the DNA is slightly less obvious. Though not
in direct contact with the DNA, these residues could mediate
histone—-DNA interactions indirectly, perhaps through inter-
vening water molecules (103). Alternatively, these residues
could be important for protein recruitment to the lateral sur-
face. In general, lateral surface modifications may function to
keep chromatin association with histones weakened in order
to allow access by transcriptional or DNA damage repair
machinery.

Core modifications located within the histone—histone
interfaces are distinctly capable of regulating nucleosome sta-
bility. These modifications affect chromatin assembly, hete-
rochromatic silencing and DNA damage repair, by
modulating nucleosome structure. Specifically, the modified
states may weaken intranucleosomal interactions to allow
access by DNA damage repair machinery and to allow
orderly assembly of nucleosomes onto the DNA following
transcription, DNA repair or replication.

The first core modification to be discovered, H3 lysine 79,
has also been the most extensively characterized. Histone H3
lysine 79 methylation is unique in that the enzyme responsi-
ble for this modification, Dot1, has been clearly demonstrated
both in vivo and in vitro. The next major advance in our
understanding of histone core domain modifications will be
identification of the modifying enzymes that act on the
other sites in the histone core domains. It will be interesting
to see whether novel enzymes will be uncovered or whether

the same enzymes that act on the N-terminal tails will also be
able to accommodate the very different substrate topology
found in the histone core domains.

The existence of histone core domain modifications was
first reported in 2002. In the short time since their discovery,
both their abundance and importance have increased signifi-
cantly. Based on the data available to date, these modifica-
tions appear to play diverse roles in the regulation of
chromatin structure. As their characterization continues, the
tale of these modifications is certain to make for interesting
reading.
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